University of Central Florida

STARS
Electronic Theses and Dissertations, 20202021

Simulating Ejecta Blown off the Lunar Surface due to Landing
Spacecraft using the Mercury N-body Integrator
Isabel Rivera
University of Central Florida

Part of the Space Vehicles Commons, and the The Sun and the Solar System Commons

Find similar works at: https://stars.library.ucf.edu/etd2020
University of Central Florida Libraries http://library.ucf.edu

This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for inclusion in Electronic
Dissertations, 2020- by an authorized administrator of STARS. For more information, please contact STARS@ucf.edu.

STARS Citation

Rivera, Isabel, "Simulating Ejecta Blown off the Lunar Surface due to Landing Spacecraft using the Mercury N-body Integrat
Theses and Dissertations, 2020-. 749.
https://stars.library.ucf.edu/etd2020/749

SIMULATING EJECTA BLOWN OFF THE LUNAR SURFACE DUE TO LANDING SPACECRAFT USING THE
MERCURY N-BODY INTEGRATOR

by

ISABEL RIVERA
B.S. University of South Florida, 2017

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science
in the Department of Physics
in the College of Science
at the University of Central Florida
Orlando, Florida

Summer Term
2021

Major Professor: Joshua Colwell

ABSTRACT
The experiences of the Apollo lunar landings revealed the danger lunar dust can pose to surrounding
hardware, outposts, and orbiting spacecraft. Future lunar missions such as the Artemis program will
require more information about the trajectories of ejecta blown by landers to protect orbiting
spacecraft such as the Lunar Gateway. In this paper, we simulate lunar lander ejecta trajectories using
the Mercury N-body integrator. We placed cones of test particles on the Moon at the North Pole, South
Pole, and Equator with various ejection speeds and angles. The results show that particles ejected at
speeds near the Moon’s escape velocity can take from several days to weeks to re-impact the lunar
surface. The time particles spend in the vicinity of the Moon varies mostly by location. Particles stay
aloft after 30 days at launch speeds as low as 2.142 km/s when launched from the Equator. Number
density maps and flux density maps of the particle trajectories reveal that particles launched from the
South Pole are likely to impact the Lunar Gateway at its orbit near periselene at ejection speeds as low
as 2.142 km/s. Particles launched from the Equator also reach the altitude of the Gateway orbit.
Particles ejected from the North Pole can impact the Gateway along its orbit at ejections speeds
somewhere between 2.3324 and 2.3562 km/s.
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CHAPTER 1: INTRODUCTION
The lunar surface is composed of regolith, a layer of unconsolidated rocks, grains and dust covering solid
primordial bedrock. Lunar dust is the finer-grained fraction of this material with mean grain sizes
between 60 and 80 µm. It is derived primarily from the mechanical disintegration of basaltic and
anorthositic rocks due to constant meteoroid and micrometeoroid bombardment (Heiken et al., 1991).
The Moon’s low gravity allows for particles to be easily lofted from the surface. The Apollo missions
revealed the adhesive and abrasive nature of the dust as well as the dangers it poses to nearby
spacecraft when accelerated up to high speeds. Dust blown by landing spacecraft can damage
surrounding hardware such as lunar outposts, mining operations, heritage sites and orbiting spacecraft
(Metzger, 2020a). During the landing of the Apollo 12 lunar module, dust sandblasted the Surveyor 3
spacecraft 535 ft (~160 m) away and obscured the astronauts’ vision of the landing site (Gaier, 2005).
NASA has provided updated guidelines for protecting heritage sites such as those of the Apollo and
Surveyor missions by establishing an exclusion radius of 2 km from the site where no overflight of a
landed spacecraft may occur. (NASA, 2011). This distance was chosen so the landing point of a
spacecraft would be placed over the site’s lunar horizon, and material ejected from the lander would fly
over any hardware at the site (NASA, 2011). Current science of how larger landers will eject material is
not well known. They may require vastly larger keep-away zones. These safety zones may then not be
able to be standardized and rather depend on the mission and local conditions. Landing pads are
another way to mitigate dust ejecta. However, there are many questions unanswered regarding their
technical realities, costs, and maintenance. They will also not eliminate all risks and may concentrate
activity to the region which can amplify other types of dust impact (Metzger, 2020b).
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NASA’s guidelines briefly discuss collision avoidance (COLA) windows which are defined as windows of
time with adequate margin (typically only a few minutes) to avoid landing at a particular location (NASA,
2011). These windows are times when ejected dust from a landing spacecraft is expected to cross paths
with an orbiting spacecraft. To know this an analysis is needed of the propulsion system characteristics
of a particular spacecraft to determine the velocity and time it will take the ejecta to reach and then
pass through the orbital trajectories of each spacecraft in lunar orbit (NASA, 2011). Numerical
integrations can simulate and track ejecta from landing spacecraft to show where they intersect the
trajectories of lunar orbiting spacecraft. For this work we present simulations of lunar ejecta
trajectories using the Mercury N-body Integrator (Chambers, 1998).

1.1 Lunar Dust Characteristics
Lunar dust formed over billions of years due to constant meteoroid bombardment reducing lunar rocks
and debris into smaller grain sizes. These grains are sharp and angular, making it an abrasive material
(Colwell et al., 2007). Lunar regolith has low electrical conductivity and dielectric losses so it can
accumulate charge when exposed to solar UV which induces photoemission of electrons, and when
electrostatic interactions occur between the day and night side of the Moon (Stubbs et al., 2005).
Electrostatic forces dominate micron-sized particles in the low gravity regime giving dust the property of
being electrostatically adhesive (Heiken et al., 1991). Lunar dust is also mechanically adhesive due to its
angular nature.
The Apollo astronauts were no strangers to this. During many of the Apollo missions, lunar dust caused
obstructions to equipment and hazards to the astronauts (Gaier, 2005; Wagner, 2006). Dust adhered to
and abraded their Extravehicular Mobility Suits (EMS). The Apollo 12 astronauts recall the dust being
2

very hard to rub off, and after moonwalks it would be brought into the LM by their suits, sample boxes
and equipment (Stubbs et al., 2007). After ascending back into a zero-g environment, the dust filled the
atmosphere of the Lunar Module (LM) and caused eye and nose irritation (Wagner, 2006). The abrasive
effect of dust also increased wear and tear on surface equipment, scratched instrument covers,
degraded the performance of radiators, and compromised the vacuum seals of the Apollo sample
containers (Gaier, 2005).

1.2 Lunar Lander Plume Effects
Lunar dust poses a problem when it is transferred to sensitive surfaces such as scientific optical
instruments (Gaier, 2005). It can be transferred naturally or anthropogenically. Natural occurrences
include meteor and micrometeoroid bombardment of the lunar surface and electrostatic dust levitation.
The anthropogenic transport mechanisms include “…astronauts walking, rover wheels spinning up dust,
and the landing and take-off of spacecraft” (Gaier, 2005). Of these processes, the landing and take-off of
spacecraft on the lunar surface transfers the largest amounts of material (Hanlon and Cunningham,
2019) and is the focus of this paper.
The rocket exhaust from lunar landers can blow dust, soil, gravel, and rocks at speeds up to and above
lunar escape velocity. Previous studies of LM ejecta trajectories by physics-based simulation and analysis
of Apollo video imagery have shown that the finest dust grains can be accelerated up to the exit velocity
of the rocket fuel used (Metzger, 2020a). In the case of the LM, its Aerozone/N204 propellants had an
exit velocity of 3.1 km/s. Table 1a shows the particle sizes versus ejecta speeds for the LM. Other
propellants are CH4/LOX with exit velocity 3.8 km/s favored by SpaceX and H2/LOX with exit velocity 4.5
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km/s favored by NASA and Blue Origin (table 1b) (Metzger, 2020a). Different fuels can increase the
velocities of the ejecta.
Table 1. (a) Ejecta speeds for the LM based on particle size. Reproduced from Metzger & Britt, 2019. (b) Lunar
escape velocity compared with exit velocities of other types of fuel including Aerozone/N204 used by the LM,
CH4/LOX favored by SpaceX and H2/LOX favored by NASA and Blue Origin. Credit: Metzger 2020a.

Along with the type of propellant, larger vehicle masses can also increase ejecta velocities. Metzger
(2020a) extrapolated their results for the LM for larger landers and found that ejecta velocities increase
logarithmically with vehicle mass. This is due to the exhaust plume being larger which gives the ejecta
more time to accelerate in the drag of the plume (Metzger, 2020a). Metzger (2020a) estimates that for a
human-class 40-ton lander that uses H2/LOX, particles up to 10 µm can be accelerated completely off
the Moon (Figure 1). Other detailed relationships that influence ejecta velocities include lander height,
distance from the centerline of the spacecraft at which the particle was eroded, terrain shape, and other
factors (Metzger, 2020a). The ejecta velocities for different sized landers and particle sizes are shown in
Figure 2.

4

Figure 1. Maximum ejecta velocities versus lunar particle size. Credit: Metzger, 2020a

Figure 2. Ejecta velocities for different vehicle masses and particle sizes. A 40- ton lander, for example, can eject
particles 50% faster than the particles ejected by the LM (5- ton lander). Credit: Metzger & Britt, 2019

At these speeds, ejecta can damage hardware such as lunar outposts, mining equipment or historic sites
unless properly mitigated (Metzger, 2020a). One example of this was during the recovery of the
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Surveyor III spacecraft by the Apollo 12 crew. Their intent was to bring parts of the spacecraft back to
Earth to study the effects of long-term exposure to the lunar environment. The Apollo 12 lunar module
landed 535 feet (~160 m) from Surveyor III (NASA, 1970). “The final landing location, …was influenced
by the preflight consideration that the landing occurs outside a 500-foot radius of the target to minimize
contamination of the Surveyor vehicle by descent engine exhaust and any attendant dust excitation”
(Wagner, 2006). The ejecta blown during the module’s descent however did reach the Surveyor,
sandblasting the spacecraft in a high-speed shower. The astronauts returned a cable, a painted tube, an
unpainted tube, the television camera, and the scoop to be examined (Gaier, 2005). These coupons
revealed much about the sandblasting effects of the blown soil on the surface paint.
The surveyor coupons revealed pits and cracks in the paint, giving them a dried mud-like appearance
(Wittbrodt and Metzger, 2008). Pinholes were revealed where grains of sand penetrated and lifted the
paint (Figure 3). It is estimated that the Surveyor was impacted by around 1012/m2 dust particles and
106/m2 sand-size particles (Metzger, 2020a). It was determined that it was not even in the direct spray of
the LM ejecta since it was down in a crater, so the damage was 1000 times less than if it had been
(Immer et al., 2011).

.
Figure 3. A laser scan of a piece of the Surveyor, revealing the pinholes and cracks caused by the impacts from the
sand grains. Credit: Wittbrodt and Metzger, 2008

6

1.3 Previous Work
To date studies of lunar ejecta trajectories accelerated by lander plumes is limited. There are still many
gaps in our understanding of the physics of dust interactions with spacecraft exhaust which will greatly
influence how fast the particles will go at and what angles. Metzger (2020a) has modeled lunar lander
ejecta leaving the Moon and revealed that the paths of particles travel all the way around the Moon
with many reaching altitudes that intersect the orbit of the Lunar Gateway. The Lunar Gateway is a vital
part of the Artemis program set by NASA that will serve to provide humanity with essential support for
sustainable, long-term return to the lunar surface (Mars, 2019). Metzger (2020a) did a preliminary
analysis which indicated the Gateway will sustain 10,000 impacts per m2 or 2,350 impacts per m2 from
particles leaving a lunar lander in a 1–3o sheet. Figure 4 shows the paths of these particles crossing the
Gateway orbit (Metzger, 2020a).

Figure 4. Cross sectional view of lunar lander ejecta (blue dots) leaving the Moon (small circle) from the landing
site (top of the circle). Credit: Metzger, 2020a

7

Metzger (2020a)’s model solves the 2-body solution of particle interactions with just the Moon. Our
simulations approach the 3-body problem by adding the Earth’s gravity.
Although the damage this will cause is still being quantified current analysis shows that when the ejecta
reaches orbital altitudes it is sufficient to cause numerous impacts in the hypervelocity regime (>4000
km/s) due to the high relative velocity of the ejecta and the spacecraft (NASA, 2011). We roughly
calculated that the Gateway will be traveling 1770.4 m/s at periselene and 75.87 m/s at aposelene. This
means particles traveling at speeds lower than lunar escape velocity (~2.38 km/s) can hit the Gateway at
hypervelocities. The effects of these impacts can cause serious harm to the Gateway including
degradation of surfaces, sensors, camera lenses, solar cells, etc. Hypervelocity impacts can cause
vaporization of both the impactor and target material and form a crater to a depth of 2-5 times the
diameter of the projectile (Metzger, 2020a).
In this paper we discuss the implementation of the Mercury N-body integrator for integrating particles
launched off the Moon. Then, we create histograms of the landing times of the particles at various
ejection speeds and launch angles and tables of the particles that have not re-impacted the surface after
30 days. Finally, we create number density and flux density maps of the particle trajectories and map
them against the Lunar Gateway orbit.
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CHAPTER 2: METHODS
2.1 Mercury N-Body Integrator
Mercury is a general-purpose software package that can perform orbital integrations for problems in
solar-system dynamics (Chambers, 1998; Chambers, 2011). Mercury has previously been used to model
planetary formation by pebble accretion (Izidoro et al., 2019), Trans-Neptunian Object (TNO) resonances
(Clement and Sheppard, 2021), and the dynamical evolution of asteroids (Moreno et al., 2021) among
others.
For our application we studied the dynamics of particles leaving the lunar surface under the influence of
the gravity of the Moon and Earth. This is a general 3-body problem. Common applications of Mercury
such as studying resonances or planetary accretion are integrated over long durations. We are
interested in particles near the Moon so short-duration simulations are sufficient for tracking the
trajectories of those particles. We needed to place particles directly on the surface of the Moon.
Mercury reads objects that contact one another as a collision, so the particles were placed 1 cm above
the surface to avoid this. We modified some of Mercury’s parameters for our integrations and
performed coordinate transformations of our particles to express them from a local frame to the global
frame we used to run Mercury.

2.2 Coordinate Transformations
Our system consists of the Moon, Earth, and test particles representing the ejecta launched off the lunar
surface. We use the Moon as the central body and inertial frame. The positions of the Earth and
particles are represented in the orbital O frame of the Moon, where the vertical axis, Oz, is
9

perpendicular to the lunar orbit plane. The origin is centered on the Moon. Ox and Oy lie on the Moon’s
orbital plane. The Earth’s starting position is described by its average distance from the Moon, R0, and
the azimuthal angle (ζ) in its orbit. We do simulations where the Earth is on the Ox axis (ζ=0o) and Oy axis
(ζ=90o). The initial coordinates of the Earth R0 in the O frame are described by:
̂ +0𝒏
̂)
𝑹𝟎,𝑶 = 𝑅0 (cos 𝜁 𝒍̂ + sin 𝜁 𝒎

(1)

where R0 = 3.78 x 105 km.
When the inertial frame is the Moon, the Earth orbits the Moon counterclockwise with orbital speed Vo
in a direction ε. The initial velocity, V0, of the Earth in the O frame is then:
̂ + 0𝒏
̂)
𝑽𝟎,𝑶 = 𝑉0 (cos 𝜀 𝒍̂ + sin 𝜀 𝒎

(2)

where V0 = 1.022 km/s.
We simulate an ejecta cone leaving the surface of the Moon like that created by the exhaust of a landing
spacecraft. Past studies of the shadows seen in the footage of the Apollo lunar module showed that
material was blown 1-3 degrees above the surface from the centerline of the lander (Metzger et al.,
2011; Immer et al., 2011). This agreed with the results from earlier modeling (Lane et al., 2010; Lane &
Metzger, 2012). The simulations show that landers descending into a crater may blow material at even
greater heights. In the final moments of landing, the plume from a lander may possibly eject particles up
to 15 degrees above the surface (Lane & Metzger, 2012). Landers developed in the future are expected
to have more mass which may cause more shearing with the compacted layers of the lunar surface. The
increased thrust by a heavier craft may modify the shape of the hole beneath it which can also cause
particles to eject into higher angles. We performed runs with particles being ejected 1-3 degrees, 5
degrees and 15 degrees above the surface. The cone is created by launching 360 particles from a point
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on the surface at an opening angle 𝛼 above it. Each particle goes in a slightly different direction 𝛽
tracing the cone. Mercury does not allow for an object to start directly on the surface of a body because
it is automatically a collision, so we placed the point of the cone 1 cm above the surface.
We launched particles from 3 different locations on the Moon: the North Pole, South Pole, and equator.
To represent the initial coordinates and velocities of the particles in the O frame we had to perform
multiple coordinate transformations. We start with a local frame to form the ejecta cone above the
surface. The L frame is the local frame where the origin is the surface directly below the particles. Lz is
perpendicular to the surface. Ly points to the North and Lx points to the East. r0 is the position vector of
the particles and v0 is the velocity vector of the particles.
The local position vector r0 can be expressed in the L frame by:
̂
𝒓𝟎,𝑳 = 𝑟0 𝒌

(3)

where r0 = 1 cm.
The local velocity vector v0 can be expressed in the L frame by:
̂)
𝒗𝟎,𝑳 = 𝑣0 (cos(𝛼) cos(𝛽)𝒊̂ + cos(𝛼) sin(𝛽)𝒋̂ + sin(𝛼)𝒌
where v0 is the launch speed of the particles, 𝛽 is the azimuthal angle east of the Lx axis and 𝛼 is the
opening angle above the local surface. v0 in the L frame is shown in Figure 4.
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(4)

Figure 5. Definition of the L coordinate system.

We offset the origin of the L frame to the center of the Moon by adding the radius of the Moon, Rm, to
r0,L (equation 3). This is defined as the L’ frame. v0 remains the same in this frame.
We now have:
̂
𝒓𝟎,𝑳′ = (𝑟0 + 𝑅𝑚 ) 𝒌

(5)

and:
̂)
𝒗𝟎,𝑳′ = 𝑣0 (cos(𝛼) cos(𝛽)𝒊̂ + cos(𝛼) sin(𝛽)𝒋̂ + sin(𝛼)𝒌

(6)

A coordinate transformation needs to be performed so that ro and v0 can be expressed at any location
on the Moon. We define a frame E where Ez is the Moon’s rotation axis and Ey points to the meridian of
the sub-launch site. Ex and Ey lie on the lunar equatorial plane where ϕ=0o. We do simulations where Ex
or Ey points to the meridian above the Earth. θ is the longitude and ϕ is the latitude of the launch point
on the lunar surface. We define θ to be east longitude and ϕ to be north latitude from the sub-launch
12

point. The initial position and velocity vector in the E frame is 𝒓𝟎,𝑬 = 𝑻𝑳′,𝑬 × 𝒓𝟎,𝑳′ and 𝒗𝟎,𝑬 =
𝑻𝑳′,𝑬 × 𝒗𝟎,𝑳′ where
−cos (θ)
sin (ϕ) sin( θ)
− cos (ϕ) 𝑠𝑖𝑛(θ)
𝑻𝑳′,𝑬 = ( −sin (θ) − sin (ϕ) cos( θ) cos(ϕ) cos( θ) )
0
𝑐𝑜𝑠
sin (ϕ)

(5)

which is the result of a rotation of θ and ϕ. The first transformation is from the L’ frame to the L’’ frame
after a counterclockwise rotation about L’x by ϕ. The second rotation is clockwise about L’’z by θ to go
from the L’’ frame to the E frame. The transformations are shown in Figure 5.

Figure 6. Coordinate transformation of the L frame to E frame. The L’’ frame results from the counterclockwise
rotation of the L’x axis by ϕ.

The lunar equatorial plane is tilted µ = 6.680 from the lunar orbit plane in the O frame. To represent ro
and v0 in the O frame another transformation must be performed by rotating Ex by µ counterclockwise.
The starting velocity vector in the O frame is 𝒓𝟎,𝑶 = 𝑻𝑬,𝑶 × 𝒓𝟎,𝑬 and 𝒗𝟎,𝑶 = 𝑻𝑬,𝑶 × 𝒗𝟎,𝑬 where
1
𝑻𝑬,𝑶 = (0
0

0
cos 𝜇
− sin 𝜇
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0
sin 𝜇 )
cos 𝜇

(6)

Figure 6 shows the transformations from the L to O frame.

Figure 7. Coordinate transformation of the L frame to O frame.

2.3 Initial Mercury Set Up
The Mercury package is convenient in that it is machine independent, user friendly and “out of the box.”
This means it can integrate multi-body systems with little adaptation and the steps are simple to follow.
The package contains Fortran files, sample input files and text files that are used to compile the Fortran
files. The sample input files include message.in, files.in, close.in, small.in, big.in, param.in and
element.in. These files are used as a template for the input files run in Mercury.
The parameters for the central body and how the integration is carried out is specified in the param.in
file. We provided the radius and mass of the Moon. Objects that come closer than this radius are
assumed to collide with the central body. Small.in contains the initial data for the small bodies in the
system. Small bodies perturb and interact with the big bodies but not each other. The small bodies in
our system are test particles, so they have zero mass. The big bodies in the system are specified in the
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big.in file. Big bodies perturb and interact with all other objects during the integration. Mercury has a
choice of a few integration algorithms: a second-order mixed-variable symplectic (MVS) algorithm, a
general Bulirsch-Stoer, conservative Bulirsch-Stoer, Everhart’s RA15 (RADAU) and Hybrid
symplectic/Bulirsch-Stoer. We used the general Bulirsch-Stoer algorithm for our integrations. The
Bulirsch-Stoer algorithm is a variable-timestep algorithm that can accurately compute close encounters.
The accuracy parameter determines the error allowed per timestep of the variable-timestep algorithms.
We performed early test runs comparing the accuracy parameter at default, 1-12, with 1-16 over 1-minute
timesteps and observed no noticeable change in the particle data. We decided to keep the default
accuracy parameter for faster integration.
After the param.in file was modified and changed the last step was to input the initial particle and Earth
data into the small.in and big.in file, respectively. We developed a Python code to perform the
coordinate transformations of the particles from the L frame to the O frame. For every run we input the
desired launch location (𝜃, 𝜑), angle 𝛼, and speed of the particles (v0) in kilometers. The code produces
the Mercury small.in file with a list of 360 particles in cartesian coordinates and velocities in the format
Mercury requires (AU for coordinates, AU/DAY for velocities). Each particle’s direction differs by 1o along
𝛽 which ranges from 0o to 359o. This creates an ejecta cone of 360 particles. Our code also produces the
big.in file in a separate function. The variable parameters for our runs are the longitude of the Earth (𝜁)
and direction 𝜀. The orbital velocity (V0) and average distance from the Moon (Ravg) are set parameters.
We used V0 = 1.022 km/s and Ravg = 3.78 x 105 km. The big.in file requires the Earth’s mass (Em) and
density (Ed). We used Em= 5.9724 x 1024 kg and Ed = 5.514 g/km3. After this is completed, Mercury can be
compiled and run as per the instructions included with the package. Our runs consisted of particles
being launched from 3 locations on the Moon, the North Pole (𝜑 = 90𝑜 ), South Pole (𝜑 = −90𝑜 ) and
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Equator (𝜃 = 0𝑜 , 𝜑 = 0𝑜 ). We also changed the position of the Earth between 𝜁 = 0𝑜 and 𝜁 = 90𝑜 .
When the Earth is the inertial frame, this is equivalent to the Moon beginning when the North Pole
points to the Earth, 𝜁 = 270𝑜 , and ¼ into its orbit, 𝜁 = 270𝑜 . We will refer to the Moon’s initial
positions with the Earth as the inertial frame from this point on. Our initial speeds were chosen as
factors of the lunar escape velocity (vesc) of the particles in our system. We calculated vesc = 2.375 km/s
for the particles in our system. In all we performed multiple integrations from six orientations of the
Moon, particles, and Earth. Figure 8 shows one initial orientation of the Earth (𝜁 = 90𝑜 ) and 3 particle
locations. The particles are shown in the O frame and E frame.

Figure 8. One starting orientation of the Moon and Earth in the O frame as run in Mercury. The Earth begins on the
Oy axis (ζ = 90o). The red dots show the chosen initial locations for the particles in the E frame and O frame. The Ey
axis is 𝜃 = 0𝑜 , 𝜑 = 0𝑜 . Sizes and distances are not to scale.
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Figure 9 demonstrates a ring of particles coming off the surface of the Moon in the O frame. These
particles were launched off the lunar North Pole with speed 0.9vesc and 1o launch angle. A snapshot of
the ring is shown 1 minute after launch and 10 minutes after launch. The North Pole is tilted over the Oy
axis as reflected by the particle ring. It is observed that after 10 minutes the ring is already beginning to
encompass the Moon. The ejecta cone is formed by the ring of particles starting from a point on the
surface and expanding as they come off the surface.

(a)

(b)
Figure 9. Ring of particles coming off the surface of the Moon at the North Pole. (a) 1 minute after launch. (b) 10
minutes after launch.
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CHAPTER 3: RESULTS
3.1 Time for Ejecta to Impact the Moon
The collision times of the particles are provided in Mercury’s info.out file. We extracted them for several
runs with different initial particle locations, and Moon positions as well as various ejection speeds, and
angles and produced histograms showing the fraction of particles versus landing times. Each histogram
shows a different ejection speed comparing launch angles 1o, 3o, 5o and 15o. Figure 10 shows landing
times for particles ejected from the Equator when the Moon begins at ζ = 180o with ejection speeds
between 0.601vesc to 0.992vesc to show the progression of landing times with ejection speed. Figure 11
shows the landing times for particles ejected from the Equator when the Moon begins at ζ = 270o with
ejection speeds between 0.902vesc and 1.002vesc. Figures 12-15 show the landing times for particles
ejected from the poles with ejection speeds between 0.952vesc and 1.002vesc. Tables 1-3 show all the
speeds in each orientation where particles are still aloft after 30 days represented by the fraction of
particles. 0.902vesc was the lowest speed observed at which some particles stayed aloft after 30 days.
This was only the case for particles launched from the Equator when the Moon begins at ζ = 270o (figure
11).

18

a)

b)

c)
Figure 10. Fraction of particles versus landing times for particles ejected from the Equator with the Moon starting
at ζ = 180o. At 0.992vesc no particles launched at 𝛼 = 1𝑜 , 3𝑜 , 5𝑜 land after 30 days. No particles landed on the Moon
at 0.9978vesc and vesc after 30 days.
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a)

b)

c)
Figure 11. Fraction of particles versus landing times for particles ejected from the Equator with the Moon
beginning at ζ = 270o. No particles land on the Moon after 30 days at 0.992vesc and 0.9979vesc but still do when
they begin at vesc.
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Table 2. (a) Fraction of particles launched from the Equator still aloft after 30 days. Orientation where Moon begins
at ζ = 180o. (b) Fraction of particles launched from the Equator still aloft after 30 days. Orientation where Moon
begins at ζ = 270o

(a)

(b)
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a)

b)
Figure 12. Fraction of particles versus landing times for particles ejected from the North Pole with the Moon
starting at ζ = 180o.
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a)

b)
Figure 13. Fraction of particles versus landing times for particles ejected from the North Pole with the Moon
starting at ζ = 270o.

Table 3. (a) Fraction of particles launched from the North Pole still aloft after 30 days. Orientation where Moon
begins at ζ = 180o. (b) Fraction of particles launched from the North Pole still aloft after 30 days. Orientation where
Moon begins at ζ = 270o.

(a)

(b)
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a)

b)
Figure 14. Fraction of particles versus landing times for particles ejected from the South Pole with the Moon
starting at ζ = 180o.
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a)

b)
Figure 15. Fraction of particles versus landing times for particles ejected from the South Pole with the Moon
starting at ζ = 270o.
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Table 4. (a) Fraction of particles launched from the South Pole still aloft after 30 days. Orientation where Moon
begins at ζ = 180o. (b) Fraction of particles launched from the South Pole still aloft after 30 days. Orientation where
Moon begins at ζ = 270o.

(a)

(b)

We observe that at every particle location and Moon position, as the ejection speed approaches vesc,
particles can take from several minutes to several weeks to impact the surface. Generally, we do not see
much difference in the particle landing times whether the Moon begins at ζ = 180o or ζ = 270o (compare
figure 12 panel a) with figure 13 panel a)). However, we observe that for particles launched from the
Equator when the Moon begins at ζ = 270o, some particles can still impact the surface when the ejection
speed is greater than vesc (figure 11 panel c)). This may be a physical cause. These particles are directly
between the Moon and Earth in this orientation, so the Earth’s gravity has more influence on them. We
also see that generally more particles stay aloft when launched from the Equator when the Moon begins
at ζ = 270o than ζ = 180o (see table 2).

26

We observe noticeable differences in landing times between launch locations. Particles generally stay
aloft for longest when launched from the Equator and shortest when launched from the South Pole. For
example, when the Moon begins at ζ = 180o, particles launched from the Equator take up to the full 30
days to impact the lunar surface at ejection speeds between 0.952vesc and 0.982vesc (figure 10 panel b)
and c)). Particles launched from the South Pole take no more than ~8 days to impact the surface (figure
14 panel a)). This again may be due to the particles being oriented closer to the Earth when launched
from the Equator and furthest when launched from the South Pole.
The fraction of particles still aloft after 30 days when launched from the North and South Pole increases
from 0.99vesc to 1.002vesc as the ejection speed and launch angle increases from both orientations of the
Moon (compare table 3 with table 4). This trend is not well demonstrated at the Equator. At higher
ejection speeds (>0.96vesc), the fraction of particles lingering in space becomes variable with launch
speed and angle (table 2). There is an observable trend where particles launched at lower speeds stay
aloft at lower launch angles. This trend is observed when particles are launched from the Equator at
both Moon positions (highlighted in table 2) and the South Pole when the Moon begins at ζ = 270o
(highlighted in table 4b).
Particles launched from the Equator are still aloft at speeds as low as 2.142 km/s when 𝛼 = 1𝑜 . Particles
launched from the South Pole where Earth begins at ζ = 90o can linger in space at speeds as low as
2.3086 km/s when 𝛼 = 1𝑜 .Most particles launched from the North Pole with ejection speed 2.3562
km/s and 2.38 km/s remain aloft after 30 days.
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3.3 Spatial Distribution of Ejecta in Cis-Lunar Space
We produced number density and flux density maps of the particle trajectories integrated over 30 days
for opening angles between 1 and 3 degrees. Every axis is 300 bins across, and the color bar represents
the number of particles in a bin. These maps were produced using a heatmap function in Python. The
flux density maps were produced by providing the instantaneous velocities of every particle produced by
Mercury to the weight argument of the function. This makes the function take the sum of instantaneous
velocities of the particles in each bin. Figures 16-32 show the results for the Equator, North Pole and
South Pole where Earth begins at ζ = 0o.
The figures also show a cross section of the predicted Lunar Gateway orbit in the Ox,z plane represented
by the white line tracing an ellipse around the Moon. The orbital parameters provided for the Gateway
orbit are 3,000 km for its periselene (p) over the lunar North Pole and 70,000 km aposelene (a) over the
lunar South Pole (ESA, 2020). We plotted the orbit using the ellipse function in Python. The parameters
given to the function were the coordinates of the center of the orbit, the major axis (A), and the minor
axis (B). The major axis is,
𝐴 = 𝑎 + 𝑝 + 2𝑅𝑚

(7)

To find B we need to calculate the eccentricity e which is defined by:
𝑒 =1−𝑎
𝑝

2
+1

(8)

Finally,
𝐴

𝐵 = 2 ( 2 √1 − 𝑒 2 )
The center coordinates are,
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(9)

𝑂𝑦 = (𝑝 + 𝑅𝑚 ) −

𝐴
2

(10)

We calculated A = 76476 km, B = 27791.68143 km, and Oy = -33500 km.

3.3.1 Trajectories of Particles Launched from the Equator

Figure 16. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.601vesc (1.428
km/s) and a 3-degree opening angle from the local surface. The color bar represents the number of particles in a
bin. The color bar has been scaled to the max limits shown to better show the trajectories of particles as they
expand. This an example of a ballistic trajectory. The Oi , Oj plane and Oj, Ok plane show a side view of the local
surface. The Oj, Ok plane shows a top view. The dotted white line is the surface of the Moon.
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Figure 17. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.902vesc (2.142
km/s) and a 1-3o opening angle from the local surface. Number density maps are on the left, flux maps are on the
right.

30

Figure 18. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.932vesc (2.2134
km/s) and a 1-3o opening angle from the local surface.
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Figure 19. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.952vesc (2.261
km/s) and a 3-degree opening angle from the local surface.
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Figure 20. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.972vesc (2.3086
km/s) and a 3-degree opening angle from the local surface.
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Figure 21. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.982vesc (2.3324
km/s) and a 3-degree opening angle from the local surface.
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Figure 22. Trajectories of particles in the O frame ejected from the Equator with starting speed 0.992vesc (2.3562
km/s) and a 3-degree opening angle from the local surface.
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Figure 23. Trajectories of particles in the O frame ejected from the Equator with starting speed 1.002vesc (2.38
km/s) and a 3-degree opening angle from the local surface.
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3.3.2 Trajectories of Particles Launched from the North Pole

Figure 24. Particle trajectories integrated over 30 days. Ejection speed 0.902vesc and launch angles 1-30 from the
lunar North Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map

Figure 25. Particle trajectories integrated over 30 days. Ejection speed 0.952vesc and launch angles 1-30 from the
lunar North Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map
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Figure 26. Particle trajectories integrated over 30 days. Ejection speed 0.972vesc and launch angles 1-30 from the
lunar North Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map

Figure 27. Particle trajectories integrated over 30 days. Ejection speed 0.982vesc and launch angles 1-30 from the
lunar North Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map
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Figure 28. Particle trajectories integrated over 30 days. Ejection speed 0.992vesc and launch angles 1-30 from the
lunar North Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map

Figure 29. Particle trajectories integrated over 30 days. Ejection speed v esc and launch angles 1-3o from the lunar
North Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density map b.
Flux density map
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3.3.3 Trajectories of Particles Launched from the South Pole

Figure 30. Particle trajectories integrated over 30 days. Ejection speed 0.902vesc and launch angles 1-30 from the
lunar South Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map

Figure 31. Particle trajectories integrated over 30 days. Ejection speed 0.952vesc and launch angles 1-30 from the
lunar South Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map
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Figure 32. Particle trajectories integrated over 30 days. Ejection speed 0.972vesc and launch angles 1-30 from the
lunar South Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map

Figure 33. Particle trajectories integrated over 30 days. Ejection speed 0.982vesc and launch angles 1-30 from the
lunar South Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map
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Figure 34. Particle trajectories integrated over 30 days. Ejection speed 0.992vesc and launch angles 1-30 from the
lunar South Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density
map b. Flux density map

Figure 35. Particle trajectories integrated over 30 days. Ejection speed v esc and launch angles 1-3o from the lunar
South Pole. The solid white line is the Lunar gateway orbit. The dotted line is the Moon. a. Number density map b.
Flux density map

3.3.4 Discussion
At very low speeds, the particle trajectories are ballistic, we define this as a trajectory that does not
result in an orbit (refer to figure 16). At all three launch locations the particle trajectories become
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circumlunar as the ejection speed approaches vesc and they can complete more orbits around the Moon
before landing. The orbits also expand and become more eccentric as the initial particle speed increases.
This is demonstrated in figures 17-21 for particles launched from the Moon’s equator. Very close to vesc
the particle orbits lose stability, and some particles can escape the Moon’s gravity (figure 22).
Particles launched from the South Pole have more opportunity to cross the Lunar Gateway orbit than
the North Pole. Particles with launch speed as low as 2.142 km/s cross the Gateway orbit near its
periselene when launched from the South Pole (see figure 29). Particles launched from the North Pole
do not cross the Gateway orbit until much higher speeds are reached ~2.3324-2.3562vesc (see figures 2728). Somewhere between these two speeds particles may take on a similar orbit to the Gateway and
travel directly along it. If the Gateway passes through the flux of ejecta as they are coming directly
toward it, the relative velocity of the impact on the Gateway will be in the hypervelocity regime. We also
see particles launched from the equator reaching the altitude of the Gateway orbit starting from an
initial launch speed of 2.2134 km/s (figure 18). Additional information about the orbital parameters of
the Gateway such as its longitude of ascending node is needed to determine whether these particles can
potentially impact the Gateway.
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CHAPTER 4: CONCLUSIONS
Our simulations agree with previous analyses of lunar lander ejecta in that particles can take from days
to weeks to re-impact the lunar surface at ejection speeds close to lunar escape velocity. Our
simulations show that the landing times and trajectories of lunar lander ejecta is mainly influenced by
the location and ejection speed of the particles. Particles take the longest to land when launched from
the Equator and shortest to land when launched from the South Pole. Particles launched from the
Equator can stay aloft after 30 days at speeds as low as 2.142 km/s. Particles launched from the poles
stayed aloft after 30 days at launch speeds closer to vesc than particles launched from the Equator. A
trend is observed where particles launched at lower launch angles can linger in space at lower ejection
speeds. The longer particles stay in orbit, the more damage they can do to orbiting spacecraft.
As per Metzger (2020a), lunar lander ejecta will reach altitudes that intersect the Lunar Gateway orbit.
The trajectories of the particles launched from the North Pole match very closely to the Gateway orbit
somewhere between 0.98 and 0.99vesc. It will be imperative to avoid head-on collisions with these
particles. Particles ejected from the South Pole at speeds as low as 2.142 km/s also pose a danger to the
Gateway close to its periselene. NASA can create a COLA window to avoid landing spacecraft at the
South Pole while the Gateway is approaching periselene. Spacecraft will eject a distribution of different
sized ejecta with speeds that depend on the mass of the lander and fuel used. What we do know is for
spacecraft the size of the lunar module or greater that use one of the types of fuel discussed prior (table
1), there will be material ejected at speeds as low as those observed to cross the Gateway orbit. For a
40-ton lander that uses H2/LOX, particles ejected from the South Pole as large as roughly 60 µm will
cross the path of the Gateway (refer to figure 1). The Artemis program proposes having a lunar base
camp established at the South Pole so this should be considered.
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Further work can be done by analyzing number and flux density maps for opening angles other than the
1-3o regime. Starting locations more specific to the intended landing location for a spacecraft can be
analyzed for a more detailed mapping of where those particles will go and the time it will take them to
land under the influence of the Moon and Earth. Instead of plotting a spacecraft orbit over the particle
trajectories, it is possible to include spacecraft in the Mercury integration. This would be beneficial for
testing different scenarios of initial particle versus spacecraft positions to see if and when particles will
impact. Higher ejection speeds should also be analyzed because larger landers will be landing on the
Moon in future missions like the Artemis program. Finally, incorporating the Sun in future integrations
will allow us to observe how solar radiation pressure will disperse the ejecta sheet.
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